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(54) Method and apparatus for color space conversion

(57) An input color space value (102) is converted
to an output color space value (104) by determining
(202) a most significant portion and a least significant
portion associated with the input color space value
(102). In addition, at least one node value is determined
(204). Each node value is determined (204) at a respec-
tive counter i (122) from 0 to a maximum value associ-
ated with the least significant portion. Each node value
is determined (204) to be substantially equal to: a lookup
value associated with one plus the most significant por-
tion for each counter i (122) is less than the least signif-
icant portion; and a lookup value associated with the
most significant portion for each counter i (122) is great-
er than or equal to the least significant portion. Further-
more, the output color space value (104) is calculated
(206) to be substantially equal to an average value for
the at least one node value.
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Description

[0001] The present invention relates to a colour space conversion.
[0002] When working with color data, it is a common desire to convert the data from one color space representation
into another. For example, a display (e.g., cathode ray tube "CRT", liquid crystal display "LCD", etc.), image capturing
devices (e.g., scanner, digital camera, etc.) and other devices may use the additive color space RGB (Red, Green,
Blue) while printing devices typically use the subtractive color space CMY (Cyan, Magenta, Yellow). Other color spaces
include CMYK (Cyan, Magenta, Yellow, and Black), CieLab, YCbCr, LUV, LHS, and others may be used in printing
devices. In addition, printing devices may utilize more color dimensions (e.g., ink, dye, pigment, etc.) to improve image
quality. For example, InkJet™ printers commonly use 6 inks (CMYK + C-lite, M-lite) to increase per pixel printable
colors. To allow devices which use different color spaces to interact, a color space conversion process is generally
utilized to convert the data from the color space of one device to the color space of another device.
[0003] Generally, converting one color space to another involves a complex, non-linear relationships. Therefore,
color space conversion is not readily describable utilizing a mathematical formula. In addition, translations to expand
the color gamut and correct for imperfections in the reading, displaying, and printing devices are also performed on
the color data. By combining these conversions and translations into the color conversion process the number of
computations may be reduced.
[0004] The most direct approach that satisfies these criteria is a lookup table ("LUT"). The advantages of aLUT are
that it is simple and can be used for any translation. The drawback, however, is that these LUTs can be enormous. A
conversion from a 24 bit RGB color space to a 24 bit CMY color space requires a 48 Mega Byte ("MB") LUT. A 48 MB
LUT is clearly unreasonable for embedded systems or ASIC ("application specific integrated circuit) implementations
with small on-chip memories making the direct table lookup approach unacceptable.
[0005] In order to reduce the size of the LUT, only a coarse lattice of points of the color space are stored. Using linear
interpolation, values between these points are computed. In this approach, only values for every 2n points are stored
in each of the input dimensions. The term "dimension" may be used to describe a color dimension, subset, etc. of the
color space. The last point of each dimension is also stored to allow for interpolation between the last point that is a
multiple of 2n and the final value in the color space. Using this approach, the LUT is (2b-n+1)d entries, given d input
dimensions each with b input bits. The value n should be chosen such that the behavior between lattice points is
approximately linear. For example, given a 24 bit RGB input (d=3 and b=8) to be converted to 24 bit CMY with n=4,
the resultant table size is a 14.4 Kilo Byte ("KB") LUT. If n is chosen too high, the linear interpolation will not adequately
approximate the translation. Choosing n to be too small results in a table that is larger than needed.
[0006] A number of substantially different linear interpolation schema have been utilized to address the problems
associated with color space conversion. These approaches include cube subdivision, radial, tetrahedral, pyramidal,
PRISM, trilinear, and pruned tetrahedral interpolation. A general discussion of these approaches may be found in U.
S. Patent No. 6,049,400.

The present invention seeks to provide an improved color space conversion.
According to an aspect of the present invention there is provided a method of converting an input color space

value as specified in claim 1, 2 or 3.
According to another aspect of the present invention there is provided an apparatus for converting an input color

space value as specified in claim 6, 7, 8 or 9.
In accordance with an embodiment, there is provided a method of converting an input color space value to an

output color space value. In this method, a most significant portion and a least significant portion associated with the
input color space value is determined. In addition, at least one node value is determined. Each note value is determined
at a respective counter I from 0 to a maximum value associated with the least significant portion. Each node value is
determined to be substantially equal to: a lookup value associated with one plus the most significant portion for each
counter I is less than the least significant portion; and a lookup value associated with the most significant portion for
each counter I is greater than or equal to the least significant portion. Furthermore, in this method, the output color
space value is calculated to be substantially equal to an average value for the at least one node value.

Preferably said input color space includes a plurality of color dimensions and said method includes determining
a respective most significant portion and least significant portion for each of said plurality of color dimensions.

A resolution of said output color space value may be modified by modifying said counter i to step by a value
greater than 1. Preferably, said input color space includes 3 color dimensions and said output color space includes 4
color dimensions. Said input color space may include RGB and said output color space includes CMYK.

Advantageously the numeral system is binary and said output color space value with an equation:
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wherein n is a quantity of bits associated with al.
[0007] The method may include the steps of calculating at least one output color space value based on at least one
input value with an equation:

wherein:

one or more of a, b, c, and... are said at least one input color space value;
one or more of au, bu, cu, and... are at least one upper portion of said at least one input color space value;
one or more of al, bl, cl, and... are at least one lower portion of said at least one input color space value;
n is a quantity of bits associated with one or more al, bl, cl, and...;
P[au+(al>i)][bu+(bl>i)][cu+(cl>i)]... is a lookup value of:

[au + (al > i)][bu + (bl > i)][cu + (cl > i)]...; and
one or more of x, y, z, and... are said at least one output color space value.

[0008] The apparatus may include one or more of:

(a) means for determining a respective most significant portion and least significant portion for each of said plurality
of color dimensions,
(b) means for modifying a resolution of said output color space value by modifying said counter i to step by a value
greater than 1;
(c) means for storing a lookup table, said lookup table including a plurality of node values; and
(d) at least one of means for printing, means for displaying, and means for image capture.

The invention also provides apparatus for converting an input color space value to an output color space value,
said apparatus comprising:

means for calculating said output color space value based on said input color space value with an equation:

wherein:

a is said input color space value;
au is an upper portion of said input color space value;
al is a lower portion of said input color space value;
k is a base unit of a numeral system;
n is a quantity of positions associated with al;
(al> i) is a function returning a value of 1 if true and 0 if false;
P[au+(al>i)] is a lookup value of [au+(al>i)]; and
x is said output color space value.

[0009] The apparatus may comprise means for storing a plurality of lookup values and/or at least one of means for
printing, means for displaying, and means for image capture.

x = AVE(P[au + (al > i)]) for i = 0 to kn - 1
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The invention also provides a computer readable medium on which is embedded computer software, said soft-
ware comprising executable code for performing a method of converting an input color space value to an output color
space value, said method comprising:

calculating said output color space value based on said input color space value with an equation:

wherein:

a is said input color space value;
au is an upper portion of said input color space value;
al is a lower portion of said input color space value;
k is a base unit of a numeral system;
n is a quantity of positions associated with al;
(al>i) is a function returning a value of 1 if true and 0 if false;
P[au+(al>i)] is a lookup value of [au+(al>i)]; and
x is said output color space value.

[0010] Preferably, wherein said numeral system is binary and said output color space value is calculated based on
said input color space value with an equation:

wherein:

n is a quantity of bits associated with al.

[0011] The computer readable medium may include means for calculating at least one output color space value
based on at least one input value with an equation:

wherein:

one or more of a, b, c, and ... are said at least one input color space value;
one or more of au, bu, cu, and ... are at least one upper portion of said at least one input color space value;
one or more of al, bl, cl, and ... are at least one lower portion of said at least one input color space value;
n is a quantity of bits associated with one or more of al, bl, cl, and ...;
P[au+(al>i)][bu+(bl>i)][cu+(cl>i)]... is a lookup value of:

[au+(al>i)][bu+(bl>i)][cu+(cl>i)]...; and
one or more of x, y, z, and ... are said at least one output color space value.

[0012] The invention also provides a system for converting an input color space value to an output color space value,
said system comprising:

a processor configured to:

determining a most significant portion and a least significant portion associated with said input color space

x= AVE(P[au + (al > i)]) for i = 0 to kn-1
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value;
determining at least one node value, each node value being determined at a respective counter i from 0 to a
maximum value associated with said least significant portion, wherein each node value is substantially equal to:

a lookup value associated with one plus said most significant portion for each counter i being less than
said least significant portion; and
a lookup value associated with said most significant portion for each counter i being greater than or equal
to said least significant portion; and

calculating said output color space value being substantially equal to an average value for said at least one
node value; and

a lookup table configured for connection to said processor.

[0013] The system preferably includes at least one of a printer, a monitor, a scanner, and a digital camera.
Preferably, the processor is further configured to determine a respective most significant portion and least sig-

nificant portion for each of a plurality of color dimensions.
Advantageously, the processor is configured to modify a resolution of said output color space value by modifying

said counter i to step by a value greater than 1.
The apparatus may include a lookup table, said lookup table including an indexed list of entries, each entry

including a query value and a corresponding node value, each query value being associated with a most significant
portion, said lookup table being functionally attached to said node determination unit, wherein said node determination
unit is configured to receive a corresponding node value in response to querying said lookup table.

The MSP/LSP extraction unit is preferably configured to determine a respective most significant portion and a
respective least significant portion from each of a plurality of color dimensions associated with said input color space.
[0014] Embodiments of the present invention are described below, by way of example only, with reference to the
drawings, in which:

Figure 1A is a block diagram of an interpolator according to an embodiment of the invention;
Figure 1B is a block diagram of a component of the interpolator according to an embodiment of the invention;
Figure 1C is a block diagram of a system according to an embodiment of the invention;
Figure 2 is a flow diagram of a method according to an embodiment of the invention;
Figure 3 is a block diagram of a system according to another embodiment of the invention; and
Figure 4 is a flow diagram of a method according to another embodiment of the invention.

[0015] For simplicity and illustrative purposes, in the following description, numerous specific details are set forth in
order to provide a thorough understanding of the preferred embodiments. It will be apparent however, to one or ordinary
skill in the art, that the invention may be practiced without limitation to these specific details. In other instances, well
known methods and structures have not been described in detail so as not unnecessarily obscure the teachings herein.
[0016] In the following description of Figures 1A - 1C, a variety of embodiments are presented. In a relatively simply
embodiment, an input value having a plurality of positions (e.g., binary bits, decimal digits, hexadecimal numbers, etc.)
is converted to an output value. The output value may include one or more positions. The input value may include a
"most significant portion" ("MSP") and a "least significant portion" ("LSP"). The term MSP is used to describe one or
more positions of the input value having a relatively greater weight as compared to the LSP. Stated in another manner,
the MSP is comprised of one or more left-most positions and the LSP is comprised of any positions remaining after
the removal of the MSP (e.g., one or more right-most positions). For example, given an input value equal to "1234",
the MSP may be "12" and the LSP may be "34".
[0017] Figure 1A is a block diagram of an interpolator 100 according to an embodiment of the invention. The inter-
polator 100 is configured to convert an input color space value 102 of a first color space to an output color space value
104 of a second color space. In this regard, the interpolator 100 may include an input port 106 configured to receive
the input color space value 102 and forward the input color space value 102 to an MSP/LSP extraction unit 108. The
MSP/LSP extraction unit 108 is configured to determine the MSP and the LSP for the input color space value 102 and
forward the MSP and the LSP to a node determination unit 110. As shown in figure 1B, the node determination unit
110 is configured to utilize the MSP and/or the LSP to determine a value of at least one node. A node is basically a
limit (e.g., boundary point, etc.). In one embodiment, a node based solely on the MSP is typically determined. This
node is termed a [0] node. The value of the [0] node ("P[0]") is generally determined by utilizing a lookup table ("LUT").
[0018] Specifically, in an embodiment of the invention, the node determination unit 110 may be configured to retrieve
node values from a LUT 112. The LUT 112 may include an indexed list of entries. Each entry may include a query
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value and an answer value. Each query value may correspond to a particular MSP. Each answer value may correspond
to the respective output value (e.g., node value) associated with the particular MSP. In general, the percentage of total
possible input values actually used to construct the LUT 112 can be based on one or more of the following factors:
how large the LUT 112 may reasonably be; interpolation calculation time; linearity of solution between nodes; system
application; optimization of the system; and the like. If only the [0] node is determined, the output color space value
104 may be found at that node and is thus, equal to the P[0]. If two nodes are determined, the second node is termed
a [1] node and the output color space value 104 may be found along a line between the P[0] and the P[1].
[0019] To continue the above example, given a four digit input color space value 102 with an MSP equal to 12, it
may be inferred that a lower limit for the input color space value 102 is 1200 and that an upper limit for the input color
space value 102 is 1299. In this regard, the output color space value 104 may be found between a lookup value (e.g.,
node value) for 12 (inclusive) and a lookup value for 13 (exclusive). Thus, in this example, the [0] node is equal to 12
and the [1] node is equal to 13. Once again however, the [1] node may not be required to determine the output color
space value 104. In this regard, the number of nodes determined is dependent upon the value of the LSP. If the LSP
has a value of essentially zero, the LSP does not contribute to the conversion of the input color space value 102 to the
output color space value 104. Thus, one node (e.g., the [0] node) will be determined based on the value of the MSP.
However, if the LSP has a value of greater than zero, then the [1] node will be determined and the P[1] will contribute
to the output color space value 104. Furthermore, the greater the LSP, the greater the P[1] will influence (e.g., weight,
impact, etc.) the output color space value 104.
[0020] The node determination unit 110 is further configured to forward the determined nodes to an output calculation
unit 114. The output calculation unit 114 is configured to receive the determined nodes and calculate the output color
space value 104. For example, the output calculation unit 114 may be configured to calculate an average node value.
The average node value may, essentially, be the output color space value 104. In addition, the output calculation unit
114 may be configured to forward the output color space value to an output port 116. The output port 116 may be
configured to receive and forward the output color space value 104.
[0021] Figure 1B is a block diagram of node determination unit 110 according to an embodiment of the invention
depicted in figure 1A. Accordingly, the description of figure 1B will be made with particular reference to those features
discussed in figure 1A. The node determination unit 110 may include an MSP storage unit 118, LSP storage unit 120,
counter 122, comparison unit 124, and lookup retrieval unit 126. The MSP storage unit 118, as illustrated by circle A,
may be configured to communicate with the MSP/LSP extraction unit 108 and, in this manner, may receive the MSP
from the MSP/LSP extraction unit 108. The MSP storage unit 118 may further be configured to forward the MSP to the
lookup retrieval unit 126. The LSP storage unit 120, as illustrated by circle B, may be configured to communicate with
the MSP/LSP extraction unit 108 and, in this manner, may receive the LSP from the MSP/LSP extraction unit 108. The
LSP storage unit 120 may further be configured to forward the LSP to the comparison unit 124.
[0022] The node determination unit 110 is configured to determine a relative weight for each node value determined.
In general, the value of the LSP is compared to a number of distinct LSP values ("nLSP"). To continue the example in
figure 1A, if the LSP may be any whole number from 00 to 99, then the nLSP is equal to 100 because there are 100
distinct whole number from 00 to 99. In this regard, according to an embodiment of the invention, the counter 122 may
be configured to set the value of a counter variable i ("counter i") from 0 to nLSP-1 and, at each value of i, forward i to
the comparison unit 124.
[0023] The comparison unit 124 may be configured to receive the counter i from the counter 122 and the LSP from
the LSP storage unit 120. The comparison unit 124 may further be configured to compare these two values. If the
comparison unit 124 determines that the LSP is greater than the counter i, the comparison unit 124 may be configured
to forward a value of 1 to the lookup retrieval unit 126. If the comparison unit 124 determines that the LSP is less than
or equal to the counter i, the comparison unit 124 may be configured to forward a value of 0 to the lookup retrieval unit
126.
[0024] The lookup retrieval unit 126 may be configured to receive the MSP from the MSP storage unit 118 and the
value forwarded by the comparison unit 124. In addition, as illustrated by circle C, the lookup retrieval unit 126 may
be configured for two way communication with the LUT 112. In this regard, the lookup retrieval unit 126 may further
be configured to add these two values, forward the resulting value to the LUT 112, and retrieve a node value (e.g., a
lookup value) from the LUT 112. Moreover, the lookup retrieval unit 126, as illustrated by circle D, may be configured
to communicate with the output calculation unit 114 and, in this manner, forward the retrieved node value to the output
calculation unit 114.
[0025] It should be noted that, while in the above descriptions of figures 1A and 1B, the interpolator 100 includes
separate components configured to perform distinct operations, it is known within the art to combine operations. Thus,
these components may be subsumed within one or a few components and any such variation are within the scope of
the claims In this regard, the above discussion is a specific example of an embodiment of the invention and was
presented for illustrative purposes only.
[0026] More generally, various other embodiments of the invention may utilize the observation that the closer the
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LSP is to the nLSP, the greater the influence the P[1] has on the output color space value 104. Thus, by comparing
the LSP to each value of the counter i, and computing an average value for the node values returned as a result of the
comparison, the output color space value 104 may be determined. Stated in another manner, the output color space
value 104 is equal to the average of the P[0] multiplied by one minus the ratio LSP to nLSP, and the P[1] multiplied by
the LSP to nLSP ratio. From this, it is easily shown that if the LSP is equal to zero, the P[1] multiplied by the LSP to
nLSP ratio cancels out and thus, the output color space value 104 is equal to P[0]. Alternatively, if the LSP is equal to
a maximum LSP value ("maxLSP") (e.g., one less than the nLSP), the nLSP minus the maxLSP is equal to 1 and the
output color space value 104 is relatively close to being equal to the P[1]. Intuitively, this makes sense because the
output color space value 104 should not be equal to P[1] unless the MSP is incremented by 1.
[0027] It should be noted that while multiplication operations are mentioned above, the invention is not limited to the
use of multiplication operations. In fact, as multiplication operations are generally more costly both in terms of processor
cycles and chip area for an ASIC implementation, it may be advantageous to substitute any or all of the multiplication
operations with an appropriate number of addition operations. In addition, while a variety of equations may be utilized
to derive the output color space value 104 based on the input color space value 102, according to an embodiment of
the invention, the following equation may be used for interpolating along one axis (e.g., for an input color space value
having a single dimension):

where: a is the input color space value 102; au is an upper portion of the input color space value 102; al is a lower
portion of the input color space value 102; k is a base unit of a numeral system; n is a quantity of positions associated
with al; (al>i) is a function returning a value of 1 if true and 0 if false; P[au+(al>i)] is a lookup value of [au+(al>i)]; and x
is the output color space value 104.
[0028] Figure 1C is a block diagram of a system 150 according to an embodiment of the invention. In the system
150, the interpolator 100 is configured to convert the input color space value 102 having a plurality of dimensions to
the output color space value 104. The output color space value 104 may also include a plurality of dimensions. The
term, "dimension" is used to describe an element (e.g., part, sub-set, etc.) of a value. Typically, a dimension may be
one of a set of two or more vectors comprising a given value. In addition, each dimension may be comprised of a
plurality of positions. Furthermore, each dimension may include a MSP and an LSP. In one embodiment, each dimen-
sion corresponds to a different hue or color.
[0029] Input and output color space values having a plurality of dimensions may be more typically utilized in image
generation, storage, displaying, printing, and the like. In this regard, the system 150 may include an image generating/
storage device 152 configured to forward the input color space value 102 to the interpolator 100. The system 150 may
also include an image printing/displaying/storage device 154 configured to receive the output color space value 104
from the interpolator 100.
[0030] The image generating/storage device 152 may include various devices such as, digital cameras, scanners,
computer memory, and the like. A digital camera is an example of the image generating/storage device 152 having
both generating and storage capacity. However, the image generating/storage device 152 need not have both gener-
ating and storage capacity, but rather, may include one and/or the other and any such variation is within the scope of
the claims.
[0031] The image printing/displaying/storage device 154 may include various devices such as, computer displays,
printers, faxes, computer memory, and the like. Similar to the discussion of the image generating/storage device 152,
the image printing/displaying/storage device 154 need not have all of the printing, displaying and storage capacities,
but rather, may include one, some and/or all of these capacities and any such variation is within the scope of the claims
[0032] To continue, the interpolator 100 is configured to determine the MSP and the LSP for each dimension of the
input color space value 102. In a manner similar to the embodiment described hereinabove, the interpolator 100 is
further configured to utilize the MSPs and/or the LSPs to determine a value of at least one node. As above, one node
based on the values of the MSPs (e.g., the [0] node) will be determined.
[0033] If only the [0] node is determined, the output color space value 104 may be found at that node and is thus,
equal to the P[0]. If three or more nodes are determined, the second node is termed the [1] node, the third node is
termed a [2] node, and so forth. Again, as above, the output color space value 104 may be found bound within the
determined nodes. In this regard, similarly to above, the number of nodes determined is dependent upon the value of
the LSPs. In a variation of the abovementioned embodiment, if substantially all LSPs have a value of essentially zero,
the LSPs do not contribute to the conversion of the input color space value 102 to the output color space value 104.
Thus, one node based on the value of the MSPs (e.g., the [0] node) will be determined and utilized to determine the
output color space value 104. However, for an input color space value 102 having a plurality of dimensions, it may be

x = AVE(P[au + (a l > i)] for i = 0 to kn-1 eqn. 1



EP 1 395 042 A2

5

10

15

20

25

30

35

40

45

50

55

8

more typical that a plurality of nodes are determined.
[0034] In this regard, the interpolator 100 is further configured to determine a relative weight for each node value
determined. Basically, the value of each LSP is compared to a possible number of distinct LSP values ("nLSP"). Typ-
ically, all of the nLSPs will be equivalent, however, it is within the scope of the invention that some or all of the LSPs
may have a different nLSP. Additionally, the closer some or all of the LSPs are to the nLSP, the greater the influence
(e.g., weight, impact, etc.) the value of one or more non-[0] nodes may have on the output color space value 104. For
example, given a two dimensional input color space value 102, such as (a, b), where each dimension has a respective
MSP (e.g., au and bu) and a respective LSP (e.g., al and bl), the following nodes may be described:

[0035] As shown in Table 1, four nodes may be described for a two dimensional input color space value 102. However,
according to an embodiment of the invention, three or less nodes may need be determined to derive the output color
space value 104. According to this embodiment, determination of the three or less contributing nodes may be based
upon a ratio of each LSP (e.g., al and bl) to the nLSP. Although a variety of methods may be utilized to perform this
concept, a method of pruning out non-contributing nodes (e.g., determining contributing nodes) according to an em-
bodiment of the invention may include the following steps:
[0036] For counter i from 0 to the maxLSP;

at each counter value, compare each LSP to i;
for each respective LSP greater than i, the contributing node includes a corresponding dimension of MSP+1; and
for each respective LSP less than or equal to i, the contributing node includes a corresponding dimension of MSP.

[0037] In this manner, each node contributing to the output color space value 104 may be determined. Furthermore,
it may be shown that based on the abovementioned steps, for a given set of LSPs, the P[1] and P[2] may not both
contribute to the output color space value 104. This is because, for a given set of LSPs, statements: al ≤ i, bl > i; and
al > i, bl ≤ i may not both be true for any reasonable values of i. This is the case because the approach is based on
tetrahedral interpolation, which in 2 dimensions is a triangle. Thus the cases are the output equals P[0], or somewhere
along the line between P[0] and P[1] or P[2] or P[3], somewhere inside the triangle P[0]->P[1]->P[3], or somewhere
inside the triangle P[0]->P[2]->P[3]. This fact is exploited to prune the LUT 112 accesses.
[0038] In addition to determining a sub-set of nodes contributing to the output color space value 104, the output color
space value 104 may be determined by the interpolator 100 by performing the following steps:
[0039] For counter i from 0 to the maxLSP;

at each counter value, compare each LSP to i;
for each respective LSP greater than i, the contributing node includes a corresponding dimension of MSP+1;
for each respective LSP less than or equal to i, the contributing node includes a corresponding dimension of MSP;
determine a lookup value for the contributing node;
maintain a running total value for the determined contributing nodes; and
determine the output color space value 104 by calculating an average contributing node value (e.g., total value

divided by the nLSP).
[0040] In this manner, the output color space value 104 may be determined based on the weighted average of each
determined node value. In this regard, the interpolator 100 may be further configured to determine each node value.
Similarly to above, in an embodiment of the invention, node values may be retrieved from the LUT 112 based on the
MSPs and or LSPs of the input color space value 102. The LUT 112 may include an indexed list of entries. Each entry
may include a query value and an answer value. Each query value may correspond to the respective MSPs of a sub-
set of input values (e.g., nodes). Each answer value may correspond to the respective output value (e.g., node value).
[0041] Furthermore, it should be noted that the counter i directly affects the resolution of output color space value
104 by dictating the number of iterations performed. For a given maxLSP, the number oflookup operations performed
and/or averaging operations performed may be modified by modifying the manner in which the counter i steps from 0
to maxLSP. For example, the number of lookup operations and arithmetic computations may be reduced by modifying
the first line of the above mentioned steps to read, "For counter i from 0 to maxLSP step 2". In this manner, the print
speed may be increased.
[0042] While a variety of equations may be utilized to derive the output color space value 104 based on the input

TABLE 1

Nodes for a 2 dimensional input value

[0] (au, bu)
[1] (au, bu + 1)
[2] (au + 1, bu)
[3] (au + 1, bu + 1)
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color space value 102 having n dimensions, according to an embodiment of the invention, the following equation may
be used:

where: one or more of a, b, c, and ... are the n dimensions of the input color space value 102; one or more of au, bu,
cu, and ... are the respective MSPs of the n dimensions of the input color space value 102; one or more of al, bl, cl,
and ... are the respective LSPs of the n dimensions of the input color space value 102; p is a quantity of positions
associated with one or more of al, bl, cl, and ...; P[au+(al>i)][bu+(bl>i)][cu+(cl>i)]... is a lookup value of [au+(al>i)][bu+
(bl>i)][cu+(cl>i)]...; and x is the output color space value 104. Moreover, the output color space value 104 may include
a plurality of dimensions.
[0043] Figure 2 is a flow diagram of a method 200 according to an embodiment of the invention for converting the
input color space value 102 of one color space to the output color space value 104 of a second color space. The
following description of the method 200 will be made with particular reference to the interpolator 100 described in
figures 1A - 1C. Accordingly, the method 200 may be initiated in response to receiving the input color space value 102
from the image generating/storage device 152. While the input color space value 102 may be any reasonable numerical
value and the input color space value 102 may have one or more dimensions, for the purpose of presenting a relatively
simple example, the input color space value 102 is a single dimension having an eight bit, binary number.
[0044] At step 202, the MSP and the LSP may be determined for the input color space value 102. For example, the
MSP may be predetermined to be the four, left-most bits of the input color space value 102. Similarly, the LSP may be
predetermined to be the remaining four, right-most bits of the input color space value 102, for example. In this manner,
the MSP and the LSP for the input color space value 102 may be determined by the interpolator 100 at step 202.
[0045] In one embodiment, steps 204-206 are performed such that the output color space value 104 is calculated
based on a weighted node value. In this case, the value of the LSP is compared to a number of distinct LSP values
("nLSP"). For example, the nLSP may be essentially equal to 16 because there are 16 distinct values from 0000 to
1111 in a four bit binary number. Additionally, in this relatively simplified example in which the input color space value
102 has only one dimension, there may only be two possible nodes (e.g., [0] and [1]). In this regard, the [0], represents
the lowest reasonable value of the input color space value 102 for a given MSP and thus, the P[0] represents one
extreme value of the output color space value 104. Similarly, the [1], represents an upper limit of reasonable values of
the input color space value 102 for a given MSP and thus, the P[1] represents another extreme value of the output
color space value 104. More particularly, the [1] represents a node found at the MSP + 1 position.
[0046] At step 204, at least one node value may be determined. In the case in which the output color space value
104 is calculated based on a weighted node value, the LSP is compared to the counter i and if the LSP is greater than
the counter i, a lookup value for the MSP+1 (e.g., P[1]) is retrieved from the LUT 112. Conversely, if the LSP is less
than or equal to the counter i, a lookup value for the MSP (e.g., P[0]) is retrieved from the LUT 112. The node value
may be set, substantially, equal to the lookup value retrieved. Additionally, this process may be performed for substan-
tially each value of the counter i. In this manner, the contributing nodes, their respective values, and their respective
weights may be determined.
[0047] At step 206, the output color space value 104 may be calculated. In an embodiment of the invention, the
output color space value 104 may be calculated based on the node value(s) determined at step 204. For example, an
average node value may be determined by calculating a sum of the node value(s) determined at step 204 and dividing
this sum by the number of node value(s) determined at step 204 (e.g., nLSP).
[0048] Furthermore, although steps 204 and 206 are depicted as separate steps in figure 2, in another embodiment
of the invention, the steps 204 and 206 may be performed essentially simultaneously. For example, generally, the ratio
of the LSP to the nLSP determines the weight of the node value(s) used to determine the output color space value
104. As this ratio may be determined in a variety of mathematically equivalent manners, any such equivalent manner
is within the scope of the claims. By way of a specific example, the weight of the P[0] is substantially equal to one
minus the product of the LSP divided by the nLSP. The weight of the P[1] is substantially equal to the LSP divided by
the nLSP. Thus, if the LSP is 7 (e.g., 0111 in binary) and the nLSP is 16, for example, then the output color space value
104 may be calculated, by the interpolator 100, to equal to:

[0049] Following the step 206, the output color space value 104 may be forwarded to the image printing/displaying/
storage device 154 and the method 200 may end or idle until another input color space value 102 is received.

x = AVE(P[au + (al > i)][bu + (bl>i)][cu + (cl>i)]...) for i = 0 to kn-1 eqn. 2

9/16P[0] + 7/16P[1]
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[0050] Figure 3 is a block diagram of a system 300 in which another embodiment of the invention may be imple-
mented. As shown in figure 3, the system 300 includes a processor 302, a main memory 304, a secondary memory
306, a mouse 308, a keyboard 310, a display adapter 312, a display 314, a network adapter 316, and a bus 318. The
bus 318 is configured to provide a communication path for each element of the system 300 to communicate with the
other elements. The network adapter 316 is configured to provide a communication path between the bus 318 and a
network 320. The network 320 may include any reasonable number of dimensions including a printer 322, a scanner
324, and the like.
[0051] The processor 302 is configured to execute a software embodiment of the interpolator 100. In this regard, a
copy of computer executable code for the interpolator 100 may be loaded in the main memory 304 for execution by
the processor 302 from the secondary memory 306. In addition to computer executable code, the main memory 304
and/or the secondary memory may store the LUT 112, image files, and the like.
[0052] In operation, based on the computer executable code for an embodiment of the interpolator 100, the processor
302 may generate display data. This display data may be received by the display adapter 312 and converted into
display commands configured to control the display 314. Similarly, based on the computer executable code for another
embodiment of the interpolator 100, the processor 302 may generate print commands for producing image content on
the printer 322. In addition, based on the computer executable code for yet another embodiment of the interpolator
100, the processor 302 may receive, convert, store, etc. image files from the scanner 324 and the like. Furthermore,
in a well known manner, the mouse 308 and keyboard 310 may be utilized by a user to interface with the system 300.
[0053] The printer 322 is configured to execute various software embodiments of the interpolator 100. In this regard,
although not shown in figure 3, the printer 322 may include computer memory configure to store a copy of computer
executable code for the interpolator 100. In addition, although not shown in figure 2, the printer 322 may include a
processor (e.g., an application specific integrated circuit "ASIC") configured to execute various software and/or hard-
ware embodiments of the interpolator 100. Furthermore, the printer 322 may be configured to store the LUT 112, image
files, and the like.
[0054] The scanner 324 is configured to execute various software embodiments of the interpolator 100. In this regard,
although not shown in figure 3, the scanner 324 may include computer memory configure to store a copy of computer
executable code for the interpolator 100. In addition, although not shown in figure 2, the scanner 324 may include a
processor (e.g., ASIC) configured to execute various software and/or hardware embodiments of the interpolator 100.
Furthermore, the scanner 324 may be configured to store the LUT 112, image files, and the like. Moreover, although
not shown in figure 3, other image capturing devices (e.g., digital camera, etc.) may, according to various other em-
bodiments of the invention, include the interpolator 100 and are thus, within the scope of the claims.
[0055] The display adapter 312 and/or the display 314, may be configured to execute various software embodiments
of the interpolator 100. In this regard, although not shown in figure 3, the display adapter 312 and/or the display 314
may include computer memory configure to store a copy of computer executable code for the interpolator 100. In
addition, although not shown in figure 2, the display adapter 312 and/or the display 314 may include a processor (e.
g., ASIC) configured to execute various software and/or hardware embodiments of the interpolator 100. Furthermore,
the display adapter 312 and/or the display 314 may be configured to store the LUT 112, image files, and the like.
[0056] Figure 4 is a flow diagram of a method 400 for converting the input color space value 102 to the output color
space value 104 according to another embodiment ofthe invention. In this embodiment; the input color space value
102 may represent a color in one color space, for example, the RGB color space and thus, may include red, green,
and blue dimensions. The output color space value 104 may represent substantially the same color in another color
space, for example, the CMY color space and thus, may include cyan, magenta, and yellow dimensions. In addition,
each dimension has a value associated with it.
[0057] This dimension value denotes a degree to which the dimension is present. For example, in a 24 bit RGB color
space, each dimension has an 8 bit value associated with it. Thus, for example, if a minimum amount of the red di-
mension is present in a color space value, the red dimension value may be "00000000" (0 in decimal). Conversely, if
a maximum amount of the red dimension is present, the red dimension value may be "11111111" (255 in decimal).
[0058] As shown in figure 4, the method 400 is initiated in response to receiving the input color space value 102 at
step 402.
[0059] At step 404, the MSP may be determined for each dimension of the input color space value 102 by the inter-
polator 100. For example, if the MSP is predetermined to be the top (e.g., first) four bits, the interpolator 100 may be
configured to extract the first four bits of each dimension. These MSPs are typically termed the "upper bits" and, in
RGB color space, they may be represented by "Ru", "Gu"; and "Bu" respectively.
[0060] At step 406, the LSP may be determined for each dimension of the input color space value 102 by the inter-
polator 100. The LSP may be predetermined to be the bottom (e.g., last) four bits. The LSP may be determined for
each color dimension. These LSPs are typically termed the "lower bits" and, in RGB color space, they may be repre-
sented by "Rl", "Gl", and "Bl" respectively. Additionally, steps 404 and 406 may be performed in the opposite order or
at the same time.
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[0061] At step 408, one or more node values may be determined by the interpolator 100. For example, as described
hereinabove, the P[0] may be determined utilizing the upper bits (e.g., MSPs). The P[0] is the respective value of a
minimum input color space value for a given set of upper bits. As shown in the following Table 2, in a three dimensional
color space, such as RGB, there are eight possible node values for all reasonable lower bit values.

[0062] However, as above, for a given set of lower bits, only a subset of node values are utilized to determine the
output color space value 104. Therefore, in a manner similar to that described hereinabove, the node values contributing
to the output color space value 104 in this tetrahedral interpolation are determined. For example, using the equation:

where: (R,G,B) is the input color space value 102; Ru, Gu, and Bu are the respective upper bits; Rl, Gl, and Bl are the
respective lower bits; n is the number of bits associated with the lower bits; the function (Al > i) where Al is any lower
bit and the function is equal to 1 if true and 0 if false; and the function P[Ru + (Rl>i)][Gu + (Gl > i)][Bu + (Bl > i)] is a
lookup value of [Ru + (Rl > i)][Gu + (Gl > i)][Bu + (Bl > i)] the interpolator 100 may determine and summate the node
values contributing to the output color space value 104. It should be noted that utilizing equation 3, a maximum of 4
and a minimum of 1 unique lookup operations may be performed given a three dimensional input color space value.
Again, this is due to the invention being based on tetrahedral interpolation. Thus, the output color space value 104 is
computed using the 4 (or fewer) points of the tetrahedra in which the output color space value 104 is contained. Fewer
than 4 points may occur, if the output color space value 104 is either along one of the axis's of the tetrahedra or on
one of the bounding points of the tetrahedra. In this regard, it is generally known that fewer accesses may result in a
reduction of computation time.
[0063] At step 410, the output color space value 104 may be calculated by the interpolator 100. For example, an
average value of the node values determined at step 408 may be calculated at step 410 by the interpolator 100 using
the following equation:

where: (C,M,Y) is the output color space value 104. Utilizing equation 4, the division operation to determine the average
node value is performed once. In this manner, the number of rounding operations may be reduced. Thus, tending to
increase the accuracy of the solution. Also, various embodiments of the invention may utilize the associative property
of the sum operation to perform the additions in any order as well as concurrently.

TABLE 2

Nodes in RGB color space

P[0] (Ru, Gu, Bu)
P[1] (Ru, Gu, Bu + 1)
P[2] (Ru, Gu + 1, Bu)
P[3] (Ru, Gu + 1, Bu + 1)
P[4] (Ru, + 1, Gu, Bu,)
P[5] (Ru+1,Gu, Bu+1)
P[6] (Ru+1, Gu+1, Bu)
P[7] (Ru+1, Gu+1, Bu+1)
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[0064] Alternatively, the steps 408 and 410 may be performed as a single step. For example, using the equation:

may be performed by the interpolator 100.
[0065] At step 412, the output color space value 104 may be forwarded. For example, the processor 302 may forward
the output color space value 104 to the printer 322. In this manner, an RGB image may be printed on a CMYK printer.
Following step 412, the method 400 may end or enter an idle state until another input color space value 102 is received.
[0066] The interpolator 100, the method 200 and 400 may exist in a variety of forms both active and inactive. For
example, they may exist as software program(s) comprised of program instructions in source code, object code, exe-
cutable code or other formats. Any of the above may be embodied on a computer readable medium, which include
storage devices and signals, in compressed or uncompressed form. Examples of computer readable storage devices
include conventional computer system RAM (random access memory), ROM (read only memory), EPROM (erasable,
programmable ROM), EEPROM (electrically erasable, programmable ROM), flash memory, and magnetic or optical
disks or tapes. Examples of computer readable signals, whether modulated using a carrier or not, are signals that a
computer system hosting or running the computer program may be configured to access, including signals downloaded
through the Internet or other networks. Concrete examples of the foregoing include distribution of the program(s) on
a CD ROM or via Internet download. In a sense, the Internet itself, as an abstract entity, is a computer readable medium.
The same is true of computer networks in general. Also this tetrahedral interpolation approach may be implemented
in hardware including ASIC, custom accelerator logic, programmable logic (e.g. FPGA), etc.
[0067] The disclosures in United States patent application No. 10/230,422, from which this application claims priority,
and in the abstract accompanying this application are incorporated herein by reference.

Claims

1. A method of converting an input color space value (102) to an output color space value (104), including the steps of:

determining (202) a most significant portion and a least significant portion associated with said input color
space value (102);
determining (204) at least one node value, each node value being determined (204) at a respective counter i
(122) from 0 to a maximum value associated with said least significant portion, wherein each node value is
substantially equal to:

a lookup value associated with one plus said most significant portion for each counter i (122) being less
than said least significant portion; and
a lookup value associated with said most significant portion for each counter i (122) being greater than or
equal to said least significant portion; and calculating (206) said output color space value (104) being
substantially equal to an average value for said at least one node value.

2. A method according to claim 1, wherein said input color space value (102) includes a plurality of color dimensions
and said method includes the step of determining (202) a respective most significant portion and least significant
portion for each of said plurality of color dimensions.

3. A method of converting an input color space value (102) to an output color space value (104), including the step of:

calculating (206) said output color space value (104) based on said input color space value (102) with an
equation:

wherein:

a is said input color space value (102);
au is an upper portion of said input color space value (102);

(C,M,Y) = AVE(P[Ru + (Rl > i)][Gu + (Gl > i)][Bu + (B l > i)]) for i from 0 to 2n-1, eqn. 5

x = AVE(P[au + (al > i)]) for i = 0 to kn-1
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al is a lower portion of said input color space value (102);
k is a base unit of a numeral system;
n is a quantity of positions associated with al;
(al > i) is a function returning a value of 1 if true and 0 if false;
P[au+ (al > i)] is a lookup value of [au + (al > i)]; and
x is said output color space value (104).

4. A method of converting an input color space value (102) to an output color space value (104), said input color
space value (102) having a most significant portion and a least significant portion, said output color space value
(104) having a plurality of bounding values, said method including the steps of:

determining (204) said plurality of bounding values in a lookup table based on said most significant portion
and whether said least significant portion is greater than i (122) for each instance of i (122) from zero to (2n -
1), wherein n is a number of binary digits associated with said least significant portion; and
calculating (206) said output color space value (104) based on an average of said plurality of bounding values.

5. A computer readable medium on which is embedded computer software, said software comprising executable
code for performing a method (200) of converting an input color space value (102) to an output color space value
(104)according to any one of claims 1 to 4.

6. Apparatus for converting an input color space value (102) to an output color space value (104), including:

means for determining (202) a most significant portion and a least significant portion associated with said input
color space value (102);
means for determining (204) at least one node value, each node value being determined (204) at a respective
counter i (122) from 0 to a maximum value associated with said least significant portion, wherein each node
value is substantially equal to:

a lookup value associated with one plus said most significant portion for each counter i (122) being less
than said least significant portion; and
a lookup value associated with said most significant portion for each counter i (122) being greater than or
equal to said least significant portion; and

means for calculating (206) said output color space value (104) being substantially equal to an average value
for said at least one node value.

7. Apparatus for converting an input color space value (102) to an output color space value (104), said input color
space value (102) having a most significant portion and a least significant portion, said output color space value
(104) having a plurality of bounding values, said apparatus including:

means for determining (204) said plurality of bounding values in a lookup table based on said most significant
portion and whether said least significant portion is greater than i (122) for each instance of i (122) from zero
to (2n - 1), wherein n is a number of binary digits associated with said least significant portion; and
means for calculating (206) said output color space value (104) based on an average of said plurality of bound-
ing values.

8. Apparatus for converting an input color space value (102) to an output color space value (104), including:

means for receiving (106) said input color space value (102);
means for retrieving (126) at least one lookup value from a plurality of lookup values; and
means for calculating (206) said output color space value (104) functionally connected to said means for
receiving (106) and said means for retrieving (126), wherein said means for calculating (206) is configured to
calculate said output color space value (104) based on said input color space value (102) and said at least
one lookup value with an equation:

x = AVE(P[au + (al > i)]) for i = 0 to kn-1
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wherein:

a is said input value (102);
au being an upper portion of said input color space value (102);
al being a lower portion of said input color space value (102);
k is a base unit of a numeral system;
n being a number of bits associated with al;
P[au + (al > i)] being a lookup value of [au + (al> i)], wherein said lookup value is one of said plurality of lookup
values; and
x being said output color space value (104).

9. Apparatus for converting an input color space value (102) to an output color space value (104), including:

an MSP/LSP extraction unit (108), configured to determine (202) a most significant portion and a least signif-
icant portion associated with said input color space value (102);
a node determination unit (110), functionally attached to said MSP/LSP extraction unit (108) and being con-
figured to determine at least one node value, each node value being determined (204) at a
respective counter i (122) from 0 to a maximum value associated with said least significant portion, wherein
each node value is substantially equal to:

a lookup value associated with one plus said most significant portion for each counter i (122) being less
than said least significant portion; and
a lookup value associated with said most significant portion for each counter i (122) being greater than or
equal to said least significant portion; and

an output calculation unit (114), functionally attached to said node determination unit (110) and being config-
ured to calculate said output color space value (104) as being substantially equal to an average value for said
at least one node value.

10. Apparatus according to claim 9, including a lookup table (112), provided with an indexed list of entries, each entry
including a query value and a corresponding node value, each query value being associated with a most significant
portion, said lookup table (112) being functionally attached to said node determination unit (110), wherein said
node determination unit (110) is configured to receive a corresponding node value in response to querying said
lookup table (112).
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